We present X-ray and radio observations of the Fast Blue Optical Transient (FBOT) CRTS-CSS161010 J045834-081803 (CSS161010 hereafter) at t = 69 − 531 days. CSS161010 shows luminous X-ray (L x ∼ 5 × 10 39 erg s −1 ) and radio (L ν ∼ 10 29 erg s −1 Hz −1 ) emission. The radio emission peaked at ∼100 days post transient explosion and rapidly decayed. We interpret these observations in the context of synchrotron emission from an expanding blastwave. CSS161010 launched a relativistic outflow with velocity Γβc ≥ 0.55c at ∼ 100 days. This is faster than the non-relativistic AT 2018cow (Γβc ∼ 0.1c) and closer to ZTF18abvkwla (Γβc ≥ 0.3c at 63 days). The inferred initial kinetic energy of CSS161010 (E k 10 51 erg) is comparable to that of long Gamma Ray Bursts (GRBs), but the ejecta mass that is coupled to the relativistic outflow is significantly larger (∼ 0.01 − 0.1 M ). This is consistent with the lack of observed γ-rays. The luminous X-rays were produced by a different emission component to the synchrotron radio emission. CSS161010 is located at ∼150 Mpc in a dwarf galaxy with stellar mass M * ∼ 10 7 M and specific star formation rate sSF R ∼ 0.3 Gyr −1 . This mass is among the lowest inferred for host-galaxies of explosive transients from massive stars. Our observations of CSS161010 are consistent with an engine-driven aspherical explosion from a rare evolutionary path of a H-rich stellar progenitor, but we cannot rule out a stellar tidal disruption event on a centrallylocated intermediate mass black hole. Regardless of the physical mechanism, CSS161010 establishes the existence of a new class of rare (rate < 0.25% the core-collapse supernova rate at z ∼ 0.2) H-rich transients that can launch relativistic outflows.
INTRODUCTION
Fast Blue Optical Transients (FBOTs), or alternatively Fast Evolving Luminous Transients (FELTs), are a class of transients defined by an extremely rapid rise to maximum light (typically < 12 days), luminous optical emission ( 10 43 erg s −1 ) and blue colors. Due to their fast rise-times, they are difficult to detect and have only been identified as a class since the recent advent of high-cadence optical surveys. Only a few tens of systems have been found at optical wavelengths (e.g., Matheson et al. 2000; Poznanski et al. 2010; Ofek et al. 2010; Drout et al. 2013 Drout et al. , 2014 Shivvers et al. 2016; Tanaka et al. 2016; Arcavi et al. 2016; Whitesides et al. 2017; Rest et al. 2018; Pursiainen et al. 2018; Tampo et al. 2020) . Not all FBOT rise-times and luminosities can be reconciled with standard SN models (e.g., Drout et al. 2014) , and the diverse properties of the class have led to a range of proposed models. These include explosions of stripped massive stars (e.g., Drout et al. 2013; Moriya et al. 2017 ), shock breakout emission from an extended low-mass stellar envelope or dense circumstellar medium (CSM, e.g., Ofek et al. 2010; Drout et al. 2014) , cooling envelope emission from extended stripped progenitor * Alfred P. Sloan Fellow.
† Einstein Fellow stars (e.g., Tanaka et al. 2016) , helium shell detonations on white dwarfs (Shen et al. 2010; Perets et al. 2010) , or scenarios invoking a central engine such as a magnetar or black hole (e.g., Cenko et al. 2012a; Hotokezaka et al. 2017 ). However, prior to this work, only two FBOTs (AT 2018cow and ZTF18abvkwla) had been detected at radio and/or X-ray wavelengths. The variable X-ray emission (Rivera Sandoval et al. 2018) , transient hard Xray component, steep X-ray decay and multi-wavelength evolution (Margutti et al. 2019 ) of AT 2018cow directly indicate a driving central engine (e.g., Prentice et al. 2018; Perley et al. 2019; Kuin et al. 2019; Margutti et al. 2019; Ho et al. 2019) . Another direct manifestation of a central engine is the presence of relativistic ejectathis was recently inferred for ZTF18abvkwla (Ho et al. 2020) . CRTS CSS161010 J045834-081803 (hereafter referred to as CSS161010) was discovered by the Catalina Realtime Transient Survey (Drake et al. 2009 ) on 2016 October 10. The transient was also detected by the All-Sky Automated Survey for Supernovae (ASAS-SN, Shappee et al. 2014 ) and showed a fast ∼ 4 day rise to maximum light at V -band (Dong et al., in prep.) . Follow-up optical spectroscopic observations one week later showed a blue and featureless continuum (Reynolds et al. 2016) . These characteristics identify CSS161010 as an FBOT (see Drout et al. 2014) . Further spectroscopic observa-tions by Dong et al. (in prep.) , showed broad spectral features (including hydrogen) and placed CSS161010 at a distance of 150 Mpc (z = 0.034 ± 0.001). Optical spectroscopy of the transient host galaxy that we present here leads to z = 0.0336 ± 0.0011, consistent with the estimate above.
In this paper we present radio and X-ray observations of CSS161010 and optical spectroscopic observations of its host galaxy. This paper is organized as follows. In §2 we present the observations of CSS161010 and its host galaxy and in §3 we infer the blast-wave properties based on the radio and X-ray observations. In §4 and §5 we respectively model the host properties and discuss models for CSS161010. Conclusions are drawn in §6. The optical observations and spectral evolution will be presented in Dong et al. (in prep) . Time is reported relative to the estimated explosion date MJD 57667 (2016 October 6, Dong et al. in prep.) . 1σ uncertainties are reported unless stated otherwise (where σ 2 is the variance of the underlying statistical distribution).
OBSERVATIONS

VLA observations of CSS161010
We observed CSS161010 with the NSF's Karl G. Jansky Very Large Array (VLA) through project VLA/16B-425 (PI: Coppejans) over five epochs from December 2016 to March 2018, δt = 69 − 530 days after explosion (Table 3 and Figure 1 ). To monitor the spectral evolution of the source, we observed at mean frequencies of 1.497 (L-band), 3 (S-band), 6.048 (C-band), 10.0 (X-band) and 22.135 GHz (K-band). The bandwidth was divided into 64 (K-band), 32 (X-band) 16 (C-band and S-band) and 8 (L-band) spectral windows, each subdivided into 64 2-MHz channels. The observations were taken in standard phase referencing mode, with 3C147 as a bandpass and flux-density calibrator and QSO J0501-0159 and QSO J0423-0120 as complex gain calibrators.
We calibrated the data using the VLA pipeline in the Common Astronomy Software Applications package (CASA, McMullin et al. 2007 ) v4.7.2., with additional flagging. For imaging we used Briggs weighting with a robust parameter of 1, and only performed phase-only self-calibration where necessary. We measured the flux density in the image-plane using PyBDSM (Python Blob Detection and Source Measurement Mohan & Rafferty 2015) with an elliptical Gaussian fixed to the dimensions of the CLEAN beam. To more densely sample the cm-band spectral energy distribution, we subdivided the available bandwidth into 128 MHz sections where possible and imaged each individually. We verified the pipeline reduction by undertaking manual flagging, cal- Figure 1 . The 8-10 GHz light curve of CSS161010 (red stars) in the context of those of other classes of explosive transients including GRBs (blue squares), sub-energetic GRBs (light-blue squares), relativistic SNe (dark grey circles), normal H-stripped core-collapse SNe (light-grey circles), TDEs (light-green diamonds) and TDEs with relativistic jets (dark-green diamonds). Empty grey circles mark the non-detection of the very rapidly declining SN-Ic 2005ek and the rapidly rising iPTF16asu, which later showed a Ic-BL spectrum (Drout et al. 2013; Whitesides et al. 2017 ). CSS161010 had a radio luminosity similar to that of the subenergetic GRB 031203 and higher than that of relativistic SNe, normal SNe and some sub-energetic GRBs. CSS161010 declined significantly more rapidly than any of these source classes, including the GRBs. The other two FBOTs with detected radio emission are also shown, with orange stars. Ref ibration, imaging, and self-calibration of the first three epochs of VLA observations in CASA. The derived flux densities were consistent with the values measured from the VLA pipeline calibration. We report the flux densities from the VLA pipeline-calibrated data together with a more detailed description of each observation in Table  3 . The position that we derive for CSS161010 from these radio observations is RA=04:58:34.396±0.004, dec=-08:18:03.95±0.03.
GMRT observations of CSS161010
We observed CSS161010 for 10 hours with the Giant Metrewave Radio Telescope (GMRT) under the project code DDTB287 (PI: Coppejans). These observations were carried out on 2017 September 14. 93, 21.96, 19.88 UT (δt = 344 − 351 days after explosion) at frequencies 1390, 610 and 325 MHz, respectively (Table 3 ). The 33 MHz observing bandwidth was split into 256 channels at all three frequencies. We used the Astronomical Image Processing Software (AIPS) to reduce and analyze the data. Specifically, for flagging and calibration we used the FLAGging and CALibration (FLAGCAL) software pipeline developed for GMRT data (Prasad & Chengalur 2012) . Additional manual flagging and calibration was also performed. We performed multi-facet imaging to to deal with the field which is significantly curved over the GMRT field-of-view. The number of facets was calculated using the SETFC task. Continuum images were made using the IMAGR task. For each observation we performed a few rounds of phase-only self calibration and one round of amplitude and phase self-calibration. The errors on the flux density were calculated by adding those given by the task JMFIT and a 15% systematic error in quadrature.
The source positions in our GMRT and VLA images are consistent. To compare the flux density scaling of the VLA and GMRT data, we took an observation at ∼ 1.49 GHz with each telescope (these observations were separated by two weeks and the central frequencies differed by 0.107 GHz) and the flux densities were consistent. Additionally, we confirmed that the flux density of a known point source in our GMRT 1.4 GHz image was consistent with that quoted in the National Radio Astronomy Observatory (NRAO) VLA Sky Survey (NVSS; Condon et al. 1998 ) source catalogue.
Chandra observations of CSS161010
We initiated deep X-ray observations of CSS161010 with the Chandra X-ray Observatory (CXO) on January 13, 2017 under a DDT program (PI Margutti; Program 17508566; IDs 19984, 19985, 19986) . Our CXO observations covered the time range δt ∼ 99 − 291 days after explosion (Fig. 2) . The ACIS-S data were reduced with the CIAO software package (v4.9) and relative calibration files, applying standard ACIS data filtering. A weak X-ray source is detected at the location of the optical transient in our first two epochs of observation at t ∼ 99 days and ∼ 130 days, while no evidence for X-ray emission is detected at ∼ 291 days. Figure 2 . The 0.3-10 keV X-ray luminosity of CSS161010 in the context of those of other classes of transients following the same color scheme as in Fig. 1 . AT 2018cow is the only other FBOT with detected X-ray emission. Empty circles mark the upper limits on the X-ray luminosities of the very rapidly declining type-Ic SN 2005ek, the rapidly rising iPTF16asu, which later showed a Ic-BL spectrum, and the fast-rising, luminous transient "Dougie". References: Margutti et al. (2013a,b) ; Drout et al. (2013) ; Vinkó et al. (2015) ; Whitesides et al. (2017) ; Margutti et al. (2019) .
In our first observation (ID 19984, exposure time of 29.7 ks) we detect three photons in a 1 region around the transient, corresponding to a 3.9 σ (Gaussian equivalent) confidence-limit detection in the 0.5-8 keV energy range, at a count-rate of (1.01 ± 0.58) × 10 −4 c s −1 (the uncertainty here reflects the variance of the underlying Poissonian process). For an assumed power-law spectrum with photon index Γ = 2 and no intrinsic absorption, the corresponding unabsorbed 0.3-10 keV flux is F x = (1.33 ± 0.76) × 10 −15 erg s −1 cm −2 and the luminosity is L x = (3.4 ± 1.9) × 10 39 erg s −1 . The Galactic neutral hydrogen column density in the direction of the transient is N H MW = 4.7 × 10 20 cm −2 (Kalberla et al. 2005) .
The X-ray source is still detected at the location of CSS161010 at the time of our second CXO observation on February 13, 2017 (ID 19985, exposure time of 27.1 ks), with a count-rate of (1.48 ± 0.74) × 10 −4 c s −1 and significance of 4.7σ (0.5-8 keV). The corresponding unabsorbed flux is F x = (1.94 ± 0.97) × 10 −15 erg s −1 cm −2 (0.3-10 keV), and the luminosity is L x = (5.0 ± 2.5) × 10 39 erg s −1 .
The X-ray emission had faded by the time of our third observation on July 23, 2017 (ID 19986, exposure time of 29.4 ks) and we place a 3σ count-rate upper limit < 1.02×10 −4 c s −1 (0.5-8 keV), which corresponds to F x < 1.31 × 10 −15 erg s −1 cm −2 and L x < 3.4 × 10 39 erg s −1 (0.3-10 keV).
Constraints on the Prompt γ-ray Emission
We searched for associated prompt γ-ray emission from CSS161010 around the time of explosion with the Inter-Planetary Network (IPN; Mars Odyssey, Konus/Wind, INTEGRAL SPI-ACS, Swift-BAT, and Fermi-GBM). Based on the optical photometry of the rise (Dong et al. in prep.) , we used a conservative explosion date of JD=2457669.7 ± 2 for this search. We estimate an upper limit (90% conf.) on the 20 -1500 keV fluence of ∼ 8 × 10 −7 erg cm −2 for a burst lasting less than 2.944 s and having a typical Konus Wind short GRB spectrum (an exponentially cut off power law with α = −0.5 and E p = 500 keV). For a typical long GRB spectrum (the Band function with α = −1, β = −2.5, and E p = 300 keV), the corresponding limiting peak flux is ∼2×10 −7 erg cm −2 s −1 (20-1500 keV, 2.944 s scale). The peak flux corresponds to a peak luminosity L pk < 5 × 10 47 erg s −1 . For comparison, the weakest long GRBs detected have L pk ≈ 10 47 erg s −1 (e.g. Nava et al. 2012 ).
Host Galaxy Observations
CSS161010 has a faint host galaxy that is visible in deep optical images of the field. The location of CSS161010 is consistent with the inferred center of the host galaxy (RA=04:58:34.398 and dec=-08:18:04.337, with a separation of 0. 39). We acquired a spectrum of this anonymous host galaxy on 2018 October 10 (δt =790 days since explosion) well after the optical transient had completely faded away. We used the Keck Low Resolution Imaging Spectrometer (LRIS) equipped with the 1. 0 slit, the 400/3400 grism for the blue side (6.5Å resolution) and the 400/8500 grating for the red side (6.9Å resolution), covering the wavelength range between 3400 and 10200Å, for a total integration time of 3300 s. The 2-D image was corrected for overscan, bias and flatfields, and the spectrum was then extracted using standard procedures within IRAF 1 . The spectrum was wavelength and flux calibrated using comparison lamps and a standard star observed during the same night and with the same setup. A Galactic extinction 1 http://iraf.noao.edu/ E(B − V ) = 0.084 mag in the direction of the transient was applied (Schlafly & Finkbeiner 2011) .
On 2019 February 25, we imaged the field of the host galaxy of CSS161010 in the VRI optical bands with Keck+DEIMOS, using an integration time of 720 s for each filter. We used SExtractor (Bertin & Arnouts 1996) to extract the isophotal magnitudes of the host galaxy of CSS161010. We calibrated this photometry using the fluxes of the field stars retrieved from the Pan-STARRS1 2 catalogue (Chambers et al. 2016 ). We converted the gri magnitudes of the Pan-STARRS1 field stars to Johnson/Cousins VRI magnitudes following Chonis & Gaskell (2008) . The final Vega magnitudes of the host of CSS161010 are V = 21.68 ± 0.09 mag, R = 21.44 ± 0.07 mag, I = 20.91 ± 0.08 mag. We then used the same technique to extract gri magnitudes of the host from the Pan-STARRS1 data archive images of g = 21.9±0.1 mag, r = 21.1±0.1 mag and i = 20.6±0.1 mag.
We obtained near-infrared (NIR) imaging of the field of CSS161010 with MMT and the Magellan Infrared Spectrograph (MMIRS McLeod et al. 2012) in imaging mode on 2018 November 15. We acquired JHK images with 60 s exposures for a total integration time of 900 s for J, and 1200 s for H and K. We processed the images using the MMIRS data reduction pipeline (Chilingarian et al. 2015) . A separate NIR source is clearly detected at RA=04:58:34.337 dec=-08:18:04.19, 0. 91 from the radio and optical location of CSS161010 ( Fig. 3 ). This source dominates the NIR emission at the location of CSS161010. The inferred Vega measured magnitudes of this contaminating source calibrated against the Two Micron All Sky Survey (2MASS) catalog 3 (Skrutskie et al. 2006 ) are J = 19.24 ± 0.30 mag, H = 18.09 ± 0.08 mag, K = 17.76 ± 0.11 mag. We note that this source is also detected in the WISE (Wide-field Infrared Survey Explorer) W1 and W2 bands. To measure WISE W1 (3.4µm) and W2 (4.6µm) fluxes, we performed PSF photometry on the Meisner et al. (2018) unWISE coadds. These stacks have a ∼ 4× greater depth than AllWISE, allowing for higher S/N flux measurements. We infer Vega magnitudes of W 1 = 16.94 ± 0.07 and W 2 = 16.74 ± 0.17. The uncertainties were estimated via PSF fitting of Monte Carlo image realizations with an appropriate per-pixel noise model. According to Jarrett et al. (2017) , W 1 − W 2 = 0.2 ± 0.2 mag rules out active galactic nuclei, T-dwarfs and ultra luminous infrared galax-
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[OII] ies. This contaminating source is therefore most likely a foreground star.
INFERENCES FROM THE RADIO AND X-RAY OBSERVATIONS
Radio Spectral Evolution and Modelling
The observed radio spectral evolution is consistent with a synchrotron self-absorbed (SSA) spectrum where the self-absorption frequency ν sa evolves to lower frequencies as the ejecta expands and becomes optically thin (Fig. 4) . The optically thick and thin spectral indices derived from our best-sampled epoch (99 days post explosion) are α = 2.00 ± 0.08 and α = −1.31 ± 0.03, respectively (where F ν ∝ ν α ). The optically thin flux density scales as F ν ∝ ν −(p−1)/2 , where p is the index of the distribution of relativistic electrons responsible for the synchrotron emission N e ∝ (γ e ) −p and γ e is the Lorentz factor of the electrons (we find p = 3.6 +0.4 −0.1 ). Table 1 and Figure 4 show the peak frequency ν p (which is equivalent to the self-absorption frequency ν sa ), the peak flux density (F p ) and the parameters derived for the SSA spectrum by fitting each epoch with a broken power-law.
We find ν p ∝ t −1.26±0.07 and F p ∝ t −1.79±0.09 a steep decay in the radio luminosity of L 8 GHz ∝ t −5.1±0.3 at > 99 days post explosion). The evolution of the SSA peak is consistent with an expanding blast-wave, but is different from the evolution of a SSA-dominated, nonstrongly decelerating, non-relativistic SN in a wind-like medium where ν p ∝ t −1 and F p ∼ constant (Chevalier 1998; Soderberg et al. 2005 Soderberg et al. , 2006a . The inferred F p (t) is also steeper than seen in relativistic SNe (see §3.3). We compare these properties to the two other radio-detected FBOTs in §3.4. The physical properties of an expanding blastwave can be calculated from an SSA spectrum if F p , ν p , the source distance, and the fractions of energy in the relativistic electrons ( e ) and magnetic fields ( B ) in the internal shock are known (Scott & Readhead 1977; Slysh 1990; Readhead 1994; Chevalier 1998; Chevalier & Fransson 2006) . We follow the SSA modelling framework for SNe (Chevalier 1998; Chevalier & Fransson 2006) to obtain robust estimates of the blastwave radius R and velocity, environment density n, internal energy U int and magnetic field B. We employ the subscript 'eq' to identify quantities derived under the assumption of equiparti-10 −15 10 −12 10 −9 10 −6 10 −3 10 9 10 11 10 13 10 15 10 17 10 19 10 −15 10 −12 10 −9 10 −6 10 −3 10 9 10 11 10 13 10 15 10 17 10 19 5 × 10 9 6 × 10 9 7 × 10 9 8 × 10 9 4 × 10 −3 5 × 10 −3 10 9 10 10 5 × 10 −4 1 × 10 −3 5 × 10 −3 10 9 10 10 5 × 10 −4 1 × 10 −3 5 × 10 −3 Frequency (Hz) Figure 4 . Broad-band radio-to-Xray spectral energy distribution of CSS161010 (black points) along with fits with a synchrotron self-absorbed (SSA) model (green line). The smoothing parameter (−0.9), and optically thick (2.00±0.08) and thin (−1.31±0.03) spectral indices for the fits were derived from our most constraining epoch, at 99 days post explosion. The fitted values are given in Table 1 . The measurements below 2 GHz at 162 days post explosion were strongly affected by radio frequency interference and we flagged out much of this band. Subsequently, we treat the lowest frequency point (shown in light gray) with caution. The X-ray emission does not fall on the same SSA spectrum, as the spectral index steepens at frequencies above the cooling break. The dotted (green) line shows the extrapolation of the SSA spectrum without taking the cooling break into account. Note that the X-ray observation in the bottom right panel was taken at 425 days post explosion.
tion (i.e., e = B = 1/3). We emphasize that our estimates of B and R (and subsequently the shock velocity) are only weakly dependent on the microphysical parameters. The normalizations of U int and n do depend on the shock microphysics, but the inferred variation of these parameters with time does not. We do not assume any time-dependent evolution for the blastwave, but rather fit each epoch individually to derive the blastwave properties given in Table 1 . The relations quoted below were obtained by fitting a power-law to these properties over the epochs at 69, 99 and 357 days post explosion. Our major conclusions are not affected if we include our least constrained epoch (162 days post explosion) in the fits.
A Mildly Relativistic, Decelerating Blast-wave in a Dense Environment
Over the 308 days spanned by our observations the forward shock radius in CSS161010 expanded according to R = 3 × 10 15 (f e / B ) −1/19 (t obs /days) 0.81±0.08 cm, where R is calculated from Equation 21 in Chevalier & Fransson (2006) , f is the fraction of the spherical vol-ume producing radio emission, and t obs is the time since explosion. In the absence of strong relativistic beaming (which applies to Lorentz factors Γ 1), the radio emission effectively provides a measure of the blastwave lateral expansion (instead of the radius along our line of sight) or (Γβ)c = R/t obs , from which we derive an apparent transverse velocity up to 99 days (our bestconstrained epoch) of (Γβc) eq = 0.55±0.02c. The blastwave was decelerating during our observations, as at 357 days post explosion we measured (Γβc) eq = 0.36±0.04c. Because of the equipartition assumption and the deceleration of the blastwave, we conclude an initial Γβc > 0.6c. This result implies a decelerating relativistic blastwave, with similarities to the radio-loud FBOT event ZTF 18abvkwla ( §3.4, Ho et al. 2020) . We thus conclude that CSS161010 is an FBOT with a mildly relativistic, decelerating outflow, and is the first relativistic transient with hydrogen in its ejecta (optical spectroscopic observations presented in Dong et al., in prep.) .
Following the standard Chevalier & Fransson (2006) framework for synchrotron emission from SNe, we Note-a As the observations at 162 days were strongly affected by radio frequency interference at low frequencies and we had to flag most of the data (Figure 4) , the optically thick emission was not constrained and we do not include the results for this epoch here or in our modelling. For reference, the derived parameters at 162 days are Fp = 3.4 ± 0.1, νp = 5.8 ± 0.1, Req = 12.7 ± 0.5, Beq = 0.241 ± 0.009, (Γβc)eq = 0.30 ± 0.01c, U int,eq = 2.9 ± 0.1, neq = 59 ± 6 andṀeq = 3.2 ± 0.2. b Frequency (column 2) and flux density (column 3) at the intersection of the optically thin and thick synchrotron power-laws, from which we calculate the blast-wave parameters following Chevalier (1998) . c Average apparent velocity (Γβc)eqc = Reqc/t. d For wind velocity vw =1000 km s −1 .
further derive an environment density profile n = 12 −1 B ( e f / B ) −8/19 (r/10 17 cm) −2.3±0.3 cm −3 at r eq ≥ 9.5 × 10 16 cm. For fiducial microphysics values (f ≈ 0.5, e = 0.1, B = 0.01) this result implies n ≈ 700 cm −3 at r ≈ 10 17 cm, corresponding to an effective mass-loss rate ofṀ ≈ 2 × 10 −4 M y −1 for a wind velocity of 1000 km s −1 . The inferred environment density is fairly high for massive stars (see Smith 2014) and comparable to the densities inferred for AT 2018cow (Ṁ ∼ 10 −4 − 10 −3 M y −1 Margutti et al. 2019 ). However, AT 2018cow has a non-relativistic blastwave with v ∼ 0.1c and limited (if any) deceleration over the first 150 days (Ho et al. 2019; Margutti et al. 2019; Bietenholz et al. 2020 ).
If CSS161010 originated from a massive stellar explosion (see §5 for discussion) and the radio emission was powered by the interaction of the entire outer stellar envelope with density profile ρ SN ∝ r −q with the medium of density ρ CSM ∝ r −s , we would expect the transient to be still in the "interaction" regime during the time of our radio observations (e.g. Chevalier 1982) . During this phase the shock radius expands as R ∝ t m with m = (q−3)/(q−s) (Chevalier 1982) , which implies q ∼ 7 with s = 2. It is unclear if the entire outer envelope is contributing to the radio emission, or if, instead, the radio-emitting ejecta constitutes a separate ejecta component (as in long GRBs, which have a relativistic jet and a spherical non-relativistic ejecta component associated with the SN). It is thus possible that CSS161010 was already in the energy-conserving limit at t ∼ 100 days. We discuss below our inferences in this limit.
In the non-relativistic energy-conserving regime the Sedov-Taylor solution applies (ST, von Neumann 1941; Sedov 1946; Taylor 1950) and the shock position scales as R ∝ t 2/(5−s) , from which we would derive s ∼ 2.5. In the ultra-relativistic Γ 1 energy-conserving limit the Blandford-McKee (BM) solution (Blandford & Mc-Kee 1976) applies, Γ ∝ R (s−3)/2 and dt obs ∼ 2dt/Γ 2 , from which R ∝ t 1/(4−s) obs , leading to s ∼ 2.7. 4 The nonrelativistic and ultra-relativistic limits, both of which are self-similar, suggest a steep density profile. However, the mildly relativistic nature of the outflow of CSS161010 implies that the blastwave expansion is fundamentally not self-similar, as the speed of light contributes an additional velocity scale that characterizes the expansion of the blastwave (i.e., a velocity scale in addition to the non-relativistic, energy-conserving velocity scaling V 2 ∝ R s−3 ). We therefore do not expect the shock position to behave as a simple power-law with time, but to instead show some degree of secular evolution as the blast transitions to the non-relativistic regime in which the dependence on the speed of light is lost.
For mildly relativistic shocks we expect the standard ST scaling to hold up to terms that are proportional to V 2 /c 2 ; Coughlin (2019) showed that the coefficient of proportionality multiplying this correction, σ, is a parameter that depends on the post-shock adiabatic index of the gas (effectively equal to 4/3) and the ambient density profile (see their Table 1 ). In particular, following Coughlin 2019 (their Equation 51), in the mildly relativistic regime the shock velocity varies with position as
where V i is the velocity that the shock would have if we ignored relativistic corrections and the shock position is normalized to the time at which the shock sweeps up a comparable amount of rest mass to the initial mass. Inverting and integrating Equation 1 and accounting for dt obs = (1 − β cos θ)dt (for a patch of the shell at an angle θ with respect to the observer line of sight), it is possible to determine R(t obs ). An additional complication in the mildly relativistic regime is that the observed emitting surface is viewed at delayed times for different θ; specifically, photons arriving from the poles were radiated earlier than those emitted at the equator (in order to be observed simultaneously) when the ejecta was more relativistic and the radiation was more highly beamed out of our line of sight. Taking the two limiting cases, dt obs = (1 − V /c) dt and dt obs = dt, which apply to the early and late-time evolution, respectively, we find that the environment around CSS161010 was likely steeper than those created by a constant mass-loss rate (s = 2), and falls in between the limits provided by the ultra-and non-relativistic regimes. There is some precedent for this non-steady mass-loss. Recent observations of a number of SNe show eruptions in the centuries prior to explosion (e.g., Smith 2014; Margutti et al. 2014a Margutti et al. , 2017b Milisavljevic et al. 2015) , and AT 2018cow shows a similarly steep density profile (Margutti et al. 2019) to CSS161010. We note that within our framework, a steeper density profile implies that the magnetic field also scales more steeply than the traditional wind scaling of B ∝ R −1 .
Inferences on the Initial Blastwave Properties
We determined the shock internal energy U int at each epoch following Chevalier (1998) , their Equations 21 and 22. At 99 days, the equipartition conditions give a robust lower limit of U int 6 × 10 49 erg (Table 1) , which implies a kinetic energy of E k 6 × 10 49 erg coupled to material with velocity Γβc ≥ 0.55c. We compare the shock properties of CSS161010 to those of SNe, FBOTs and TDEs in Fig. 5 . The E k of the fast material in CSS161010 is larger than in normal core-collapse SNe, relativistic SNe 5 , and sub-energetic GRBs, but comparable to GRBs and relativistic TDEs. The shock powering the non-thermal emission in CSS161010 is also significantly faster than in normal SNe, especially considering that it is decelerating and we are measuring it at a much later phase (≈ 99 days post explosion) than the SNe shown in Figure 5 at ≈ 1 day post explosion.
To estimate the initial explosion parameters, we need to extrapolate backwards by assuming a set of blastwave dynamics. Since the early evolution of the blastwave at t < 70 days is not constrained by our observations we proceed with robust order-of-magnitude inferences. As the blast-wave expands and interacts with the surrounding medium its E k is converted into U int , which implies that the shock's initial E k is E k,0 >U int or E k,0 > 10 50−51 erg for fiducial values e = 0.1 and B = 0.01. The fact that the shock is decelerating means that the swept-up CSM mass is comparable to or exceeds the mass of the fast material in the blast-wave. We can thus estimate the fast ejecta mass and kinetic energy. During our observations the shock wave swept up M sw ∼ 10 −2 M (∼ 10 −3 M in equipartition) as it expanded from 1 × 10 17 cm to 3 × 10 17 cm. The density profile at smaller radii is not constrained, but for profiles ranging from flat to r −2.3 we derive a total swept up mass of M sw ∼ 0.01 − 0.1 M (M sw ∼ 10 −3 − 10 −2 M in equipartition). As the blastwave is decelerating, the mass of the fastest [(Γβc) eq ∼ 0.55c] ejecta responsible for the non-thermal emission is thus M ej ∼ 0.01−0.1 M and has a kinetic energy of ∼ 10 51 − 10 52 erg.
Comparison to multi-wavelength FBOTs
CSS161010 and AT 2018cow are the only FBOTs for which we have long-term X-ray and radio detections. ZTF18abvkwla is also detected at radio wavelengths (Ho et al. 2020) . Remarkably, the radio luminosity of the three FBOTs is large compared to SNe and some subenergetic GRBs, and is even comparable to the radio emission in long GRBs (ZTF18abvkwla). Even with a sample of three radio-loud FBOTs, we already see a wide range of behaviors, which likely reflects a wide dynamic range of the properties of the fastest outflows of FBOTs.
ZTF18abvkwla and CSS161010 share the presence of mildly relativistic, presumably jetted outflows ( §5.2.1). ZTF18abvkwla had an expansion velocity 6 (Fig. 5 ) of Γβc ≥ 0.3c at t ∼ 100 days. They establish a class of transients that are able to launch relativistic ejecta with similarities to GRBs, yet differ from GRBs in their thermal optical emission (and presence of H, for CSS161010, Dong et al., in prep) . The relativistic velocity of CSS161010 and ZTF18abvkwla, and the large energy of the blast-wave in CSS161010 differ distinctly from the non-relativistic and slow blast-wave in AT 2018cow, which showed v ∼ 0.1c (Fig. 5 , Margutti et al. 2019; Ho et al. 2019) . Indeed, high spatial resolution radio observations of AT 2018cow indicated that AT 2018cow did not harbor a long-lived relativistic GRB-like jet (Bietenholz et al. 2020) .
The post-peak decline in radio luminosity of the radiodetected FBOTs is extraordinarily steep compared to all other classes of transients (Fig. 1) Figure 5 . Kinetic energy of the fast-moving material in the outflow with velocities > Γβ for CSS161010 and other classes of transients, as determined from radio observations. With the exception of the FBOTs, these properties are measured at approximately 1 day post explosion. We plot the internal energy in the shock (Uint) for the FBOTs at the time of the observations. For ZTF18abvkwla we calculated this assuming that the 10 GHz measurement at 81 days from (Ho et al. 2020) is the peak of the SSA spectrum as they find a spectral index of −0.16 ± 0.05. For CSS161010 we also plot the kinetic energy at 99 days post explosion/disruption (our best constrained epoch, see Table 1 ). The latter is a robust lower limit for the initial kinetic energy. CSS161010 is mildly relativistic and has a velocity at least comparable to that of the relativistic SNe 2009bb ergetic and highly collimated GRBs. CSS161010 and AT 2018cow had comparable rates of L 8 GHz ∝ t −5.1±0.3 and L 8 GHz ∝ t −4.19±0.4 (Coppejans et al. in prep) respectively. The decline of ZTF18abvkwla (Ho et al. 2020 ) was shallower, with L 8 GHz ∝ t −2.7±0.4 . A comparison between the radio properties of these three FBOTs also shows other spectral and evolutionary differences. Compared to AT 2018cow, which had F p ∝ t −1.7±0.1 and ν p ∝ t −2.2±0.1 (Margutti et al. 2019; Ho et al. 2019) , CSS161010 exhibited a similar F p (t) evolution but a slower ν p (t) decay. The information on the radio spectral properties of the FBOT ZTF18abvkwla is limited, but we note that at ∼ 63 days Ho et al. (2020) infer ν p ∼ 10 GHz with a significantly larger radio luminosity L ν ∼ 10 30 erg s −1 than CSS161010 (Fig. 1) .
We now turn to the X-ray emission in CSS161010 and AT 2018cow. Although we only have late time X-ray observations of CSS161010, the luminosity appears to be consistent with that of AT 2018cow at ∼ 100 days post explosion (see Figure 2) . As was the case in AT 2018cow, the source of the X-ray emission cannot be synchrotron emission from the same population of electrons that produces the radio emission. In the two epochs at 99 and 357 days where we have simultaneous X-ray and radio observations, the extrapolated radio flux densities are consistent with the X-ray measurements only if we do not account for the presence of the synchrotron cooling break at ν = ν c . For the B eq of Table 1, we expect ν c to lie between the radio and X-ray bands at 99 < t < 357 days leading to a flux density steepening F ν ∝ ν −p/2 ∝ ν −1.8 at ν > ν c (Rybicki & Lightman 1979) . It follows that the extrapolated SSA spectrum under-predicts the X-ray flux and that another mechanism is thus required to explain the X-ray emission in CSS161010. In AT 2018cow there was also an excess of X-ray emission, which was attributed to a central engine (Prentice et al. 2018; Perley et al. 2019; Kuin et al. 2019; Margutti et al. 2019; Ho et al. 2019; Lyutikov & Toonen 2019). We speculate that the X-ray emission in CSS161010 might also be attributable to the central engine. Interestingly, both FBOTs also have hydrogen-rich outflows (Dong et al. in prep.) and dense environments, and at optical/UV wavelengths are among the most luminous and fastest evolving members of the FBOT family (Dong et al., in prep.).
PROPERTIES OF THE DWARF HOST GALAXY
We use the Fitting and Assessment of Synthetic Templates code (FAST Kriek et al. 2009 ) to fit the host galaxy emission and constrain the properties of the underlying stellar population. We first combine and renormalize the Keck-LRIS spectrum by using the broadband PanSTARSS gri and DEIMOS VRI photometry corrected for Galactic extinction. We do not include the NIR data at λ ≥ 10000Å (i.e., JHK and the WISE W1 and W2 bands) in our fits, as these wavelengths are dominated by emission from the contaminating object ( §2.5). We assumed a Chabrier (2003) stellar initial mass function (IMF) and considered a variety of star formation histories and stellar population libraries. The best-fitting synthetic spectrum, which we show in Fig.  3 , uses the stellar models of Bruzual & Charlot (2003) with a metallicity of Z = 0.004 and no internal extinction (A V = 0 mag), and favors an exponentially declining star formation law yielding a current star formation rate of SF R ∼ 4 × 10 −3 M yr −1 . The total stellar mass of the host galaxy is M * ∼ 10 7 M , which implies a current specific star formation rate sSF R ∼ 0.3 Gyr −1 . Other choices of stellar population models, star formation histories and metallicity produce similar results. For example, using the stellar models of Bruzual & Charlot (2003) and Conroy & Gunn (2010) , with either an exponential or delayed exponential star formation history, and considering metallicity values in the range Z = 0.0008 − 0.02 we find A V = 0 − 0.4 mag, a current stellar age of (0.6 − 4) Gyr, a stellar mass of M * = (1−3)×10 7 M , SF R = (0.3−2)×10 −2 M yr −1 and sSF R = (0.2 − 1) Gyr −1 . The star formation rates that we derive using the [OII] and Hα spectral lines are consistent with the value derived from our models. Figure 6 shows the properties of CSS161010's host compared to those of the hosts of other relevant classes of explosive transients. Interestingly, CSS161010 has the smallest host mass of the known FBOTs, with the three radio-loud FBOTs known (red stars and symbols) populating the low-mass end of the host galaxy distribution. Hydrogen-stripped superluminous supernovae (SLSNe I) and long GRBs also show a general preference for low mass and low metallicity hosts ( §5.2.1 for further discussion). It is important to note that the star formation rate per unit mass of the host of CSS161010 is comparable to that of other transient classes involving massive stars.
We conclude this section by commenting that there is no observational evidence of activity from the dwarf host galaxy nucleus. There were no observed outbursts or flaring events (AGN-like activity) at the location of CSS161010 prior to explosion. Specifically, we applied the Tractor image modeling code (Lang et al. 2016) across 6 g-band Dark Energy Camera epochs (DECam, from 2018-10-06 to 2018-10-13) and 137 r-band and 3 g-band Palomar Transient Factory images (PTF, from 2009 (PTF, from -10-03 to 2014 to find the best fit model for a host galaxy profile and a point source close to the position of CSS161010. We find no evidence for the presence of a variable point source in either DECam (Dey et al. 2019) or PTF images prior to explosion of CSS161010 (2016 October 6).
The key properties of CSS161010 can be summarized as follows: it had a rise-time of a few days in the optical and showed a large peak optical luminosity of ∼ 10 44 erg s −1 (Dong et al. in prep.) . Broad Hα features also indicate that there was hydrogen in the outflow (Dong et al. in prep.) . The surrounding CSM has a large density corresponding to an effective mass-loss ofṀ ∼ 2 × 10 −4 M yr −1 (for v w = 1000 km s −1 ) at r ∼ 10 17 cm. The dwarf host galaxy has a stellar mass of ∼ 10 7 M that is significantly lower than other FBOTs, but has a comparable sSFR ( Figure 6 ). From our radio modelling, we know that the outflow was relativistic with initial Γβc >0.6c. The fast outflow has an ejecta mass of ∼ 0.01 − 0.1 M and a kinetic energy of E k 10 51 erg. The X-ray emission is not produced by the same electrons producing the radio emission.
Volumetric Rates of the most luminous FBOTs in the local Universe
We present three independent rate estimates for FBOTs such as CSS161010, AT 2018cow and ZTF18abvkwla, which populate the most luminous end of the optical luminosity distribution of FBOTs with optical bolometric peak luminosity L opt 10 44 erg s −1 . At the end of this section we compare our estimates to the inferences by Ho et al. (2020) and Tampo et al. (2020) , which were published while this work was in an advanced stage of preparation. Drout et al. (2014) determined an intrinsic rate for FBOTs with absolute magnitude −16.5 ≥ M ≥ −20 of 4800−8000 events Gpc −3 y −1 based on the detection efficiency of the PanSTARRS1 Medium Deep Survey (PS1-MDS) for fast transients as a function of redshift. However, this estimate assumes a Gaussian luminosity function with a mean and variance consistent with the entire PS1-MDS population of FBOTs, after correcting for detection volumes. In order to assess the intrinsic rate of luminous rapid transients, such as CSS161010, we repeat the rate calculation of Drout et al. (2014) , but adopt a new luminosity function based only on the four PS1-MDS events brighter than −19 mag in the g-band (PS1-11qr, PS1-12bbq, PS1-12bv, and PS1-13duy). This yields intrinsic rates for FBOTs with peak magnitudes greater than −19 mag of 700−1400 Gpc −3 y −1 , which is ∼0.6−1.2% of the core-collapse SN rate at z ∼ 0.2 from Botticella et al. (2008) or ∼ 1 − 2% of the local (< 60 Mpc) core-collapse SN rate from Li et al. (2011a) .
We further estimated the luminous FBOT rate from the Palomar Transient Factory (PTF; Law et al. 2009; Rau et al. 2009 ). The PTF was an automated optical sky survey that operated from 2009-2012 across ∼8000 deg 2 , with cadences from one to five days, and primarily in the Mould R-band. We adopted the PTF detection efficiencies of Frohmaier et al. (2017) and simulated a population of FBOTs with light curves identical to AT 2018cow (as we have color information for AT 2018cow near optical peak) and a Gaussian luminosity function M R = −20 ± 0.3 mag. Our methodology closely follows that described in Frohmaier et al. (2018) , but with a simulation volume set to z ≤ 0.1 to maintain high completeness. We also performed a search for AT 2018cow-like events in the PTF data and found zero candidates. Given both the results of our simulations and no comparable events in the data, we measure a 3σ upper limit on the luminous FBOTs rate to be 300 Gpc −3 y −1 , which is 0.25% of the core-collapse SN rate at z ∼ 0.2 (Botticella et al. 2008) or 0.4% of the local core-collapse SN rate (Li et al. 2011a ). This volumetric rate is consistent with what we derive for luminous FBOTs in massive galaxies based on the Distance Less Than 40 Mpc survey (DLT40, Tartaglia et al. 2018) following Yang et al. 2017 . We refer to the PTF rate estimate in the rest of this work.
We compare our rate estimates of luminous FBOTs in the local Universe (z ≤ 0.1) with those derived by Ho et al. (2020) from the archival search of 18 months of ZTF-1DC survey. The transient selection criteria by Ho et al. (2020) are comparable to our set up of the simulations on the PTF data set. Specifically, Ho et al. (2020) selected transients with peak absolute g-band magnitude M g,pk < −20 and rapid rise time < 5 days, finding a limiting volumetric rate < 400 Gpc −3 yr −1 at distances < 560 Mpc, consistent with our inferences. Our study and Ho et al. (2020) thus independently identify luminous FBOTs as an intrinsically rare type of transient, with a volumetric rate < (0.4 − 0.6)% the core-collapse SN rate in the local Universe. We conclude that luminous FBOTs are sampling a very rare channel of stellar explosion or other rare phenomenon ( §5.2). Interestingly the luminous FBOT rate is potentially comparable to that of sub-energetic long GRBs (230 +490 −190 Gpc −3 yr −1 , 90% c.l., before beaming correction, Soderberg et al. 2006b ), and local SLSNe (199 +137 −86 Gpc −3 yr −1 at z = 0.16, Quimby et al. 2013) .
We end by noting that our rate estimates are not directly comparable to those inferred by Tampo et al. (2020) from the HSC-SSP transient survey. These authors considered rapidly evolving transients in a wider range of luminosities (−17 ≥ M i ≥ −20) at cosmological distances corresponding to 0.3 ≤ z ≤ 1.5 and inferred a rate ∼ 4000 Gpc −3 yr −1 . A similar argument applies to the FBOT rates by Pursiainen et al. (2018) . Table 2 presents a summary of the current estimates of the vol- umetric rate for both the entire population of FBOTs and for the most luminous FBOTs.
Physical Models
Multiple physical models have been suggested to explain the optical behaviour of FBOTs (see §1). Here, we consider mechanisms/transients that could power the radio and X-ray emission of the FBOT CSS161010. As the ejecta is hydrogen-rich (Dong et al., in prep.), we do not consider neutron star mergers and accretion induced collapse models. We also disfavour models involving the disruption or explosion of white dwarfs (WDs).
CSS161010 is not flaring activity associated with an Active Galactic Nucleus (AGN). The fraction of dwarf galaxies with masses of the order 10 7 M that host an AGN is not well-constrained (e.g., Mezcua et al. 2018) , but as there is at least one AGN host with a stellar mass comparable to CSS161010 (1 − 3 × 10 7 M Mezcua et al. 2018) , an AGN cannot be excluded based on the small host galaxy mass alone. The evolving synchrotron radio spectrum is not consistent with the typical flat spectrum seen in AGNs. There is also no evidence for prior optical or radio variability in PTF data ( §4) or the NRAO/VLA Sky Survey (NVSS, Condon et al. 1998 (Kewley & Dopita 2002; Kauffmann et al. 2003 ) from our Keck spectrum (Fig. 3) exclude the presence of an AGN.
Stellar Explosion
In §3.2 we inferred that CSS161010 has E k > 6 × 10 49 erg coupled to fast moving material with Γβc ≥ 0.55c. This finding implies that the slow moving material at v ∼ 10, 000 km s −1 would have E k > 10 53 erg under the standard scenario of a spherical hydro-dynamical collapse of a star, where E k ∝ (Γβ) −α with α ≈ −5.2 for a polytropic index of 3 (Tan et al. 2001 ). This value largely exceeds the E k ∼ 10 51 erg limit typical of neutrino-powered stellar explosions, pointing to a clear deviation from a spherical collapse. We conclude that if CSS161010 is a stellar explosion, then its fastest outflow component (i.e. the one powering the radio emission that we detected at late times) must have been initially aspherical and potentially jetted, similar to that of GRBs. Indeed, Fig. 5 shows that only GRBs (and jetted TDEs) have comparable energy coupled to their relativistic outflows, suggesting that regardless of the exact nature of CSS161010, a compact object (such as a magnetar or accreting black hole) is necessary to explain the energetics of its outflow. In the context of SNe, CSS161010 thus qualifies as an engine-driven explosion.
This finding has important implications. Shock interaction with, or breakout from, a dense confined shell of material surrounding the progenitor has been proposed to explain the blue optical colors and fast optical evolution of a number of FBOTs (e.g., Drout et al. 2014; Whitesides et al. 2017) . Although these mechanisms could explain the optical colors and fast rise times of FBOTs, they cannot naturally produce the relativistic outflows observed in CSS161010 (and ZT-Fabvkwala, Ho et al. 2020) . We thus conclude that a pure shock interaction/breakout scenario of a normal SN shock through a dense medium cannot account for all the properties of luminous FBOTs across the electromagnetic spectrum, and that at least some luminous FBOTs are also powered by a central engine, as it was inferred for AT 2018cow (Margutti et al. 2019; Ho et al. 2019; Perley et al. 2019) . The analysis of ZTF18abvkwla by Ho et al. (2020) supports a similar conclusion.
Known classes of engine-driven stellar explosions include relativistic SNe, (long) GRBs, and SLSNe. The dwarf nature of the host galaxies of luminous FBOTs that are engine-driven (red stars in Fig. 6 ) is reminiscent of that of some SLSNe and GRBs, which show a preference for low-mass galaxies (e.g., Lunnan et al. 2014; Chen et al. 2017; Schulze et al. 2018) , as independently pointed out by Ho et al. (2020) . A second clear similarity between luminous FBOTs, relativistic SNe and GRBs is the presence of relativistic outflows (Fig. 5 ) and the associated luminous radio emission (Fig. 1) , which is clearly not present with similar luminosities in SLSNe (Coppejans et al. 2018; Eftekhari et al. 2019; Law et al. 2019) . 7 Yet, luminous FBOTs differ from any known class of stellar explosions with relativistic ejecta in two key aspects: (i) the temporal evolution and spectroscopic properties of their thermal UV/optical emission; (ii) CSS161010 showed evidence for a large mass coupled to its fastest (relativistic) outflow. We expand on these major differences below.
Luminous FBOTs with multi-wavelength detections reach optical bolometric peak luminosities 10 44 erg s −1 (Prentice et al. 2018; Perley et al. 2019; Margutti et al. 2019; Dong et al. in prep.) comparable only to SLSNe. The extremely fast temporal evolution (over time-scales of ∼days) and hot, mostly featureless initial spectra with T ∼ 40, 000 K (Kuin et al. 2019; Perley et al. 2019; Margutti et al. 2019; Ho et al. 2020) distinguish luminous FBOTs from any other enginedriven transients. While it is unclear if the ejecta of ZTF18abvkwla contained hydrogen (Ho et al. 2020) , AT 2018cow and CSS161010 showed for hydrogen rich ejecta (Margutti et al. 2019; Prentice et al. 2018; Perley et al. 2019, Dong et al. in prep.) . In fact, CSS161010 is the first case where a relativistic hydrogen-rich outflow is observed, which implies the existence of a new class of engine-driven explosion that originate from progenitors that still retain a significant fraction of their hydrogen envelope at the time of explosion. In principle there is no clear reason why only hydrogen-stripped progenitors should launch jets. Jets in hydrogen-rich progenitors could simply lack the necessary energy to pierce through the stellar envelope (e.g., MacFadyen & Woosley 1999; MacFadyen et al. 2001; Lazzati et al. 2012; Bromberg et al. 2011; Nakar & Sari 2012; Margutti et al. 2014b , and references therein).
Next we comment on the amount of mass coupled to the fastest ejecta. While the shock velocity of CSS161010 is comparable to that of the relativistic SNe and the initial E k of the outflow is similar to GRBs, the fastest ejecta mass of CSS161010 is significantly larger than that of GRB jet outflows, which typically carry ∼ 10 −6 − 10 −5 M . It thus comes as no surprise that neither on-nor off-axis GRB-like jet models (e.g., Granot & Sari 2002; van Eerten et al. 2012 ) fit the radio temporal or spectral evolution of CSS161010. Indeed, the ejecta mass carried by GRB jets needs to be small enough to reach sufficiently large velocities to prevent the absorption of γ-rays for pair production (see Dermer et al. 2000; Huang et al. 2002; Nakar & Piran 2003) . Explosions with a sufficiently large ejecta mass to be important in the dynamics and absorb the high-energy emission are referred to as 'baryon-loaded explosions' or 'dirty fireballs'. Although predicted (e.g., Huang et al. 2002) , such sources have remained fairly elusive. The relativistic SN 2009bb is argued to be relativistic and baryon-loaded with M ej ≥ 10 −2.5 M (Chakraborti & Ray 2011) , and the transient PTF11agg is another potential relativistic baryon-loaded candidate (Cenko et al. 2013) . CSS161010 is relativistic, did not have a detected gamma-ray counterpart ( §2.4), had a large E k that is comparable to GRBs, and had an ejecta mass that is intermediate between GRBs and SNe. It is thus a relativistic baryon-loaded explosion or dirty fireball. Interestingly, luminous GRB-like γ-ray emission was also ruled out for the other relativistic FBOT ZTF18abvkwla (Ho et al. 2020) .
Our major conclusion is that while luminous multiwavelength FBOTs share similarities with other classes of engine driven explosions, their properties clearly set them apart as a completely new class of engine-driven transients comprising at most a very small fraction of stellar deaths ( §5.1). Special circumstances are thus needed to create the most luminous FBOTs.
Tidal Disruption Event by an Intermediate Mass
Black Hole
One of the proposed models for the FBOT AT 2018cow was a tidal disruption event (TDE) of a star by an intermediate mass black hole (IMBH, Perley et al. 2019; Kuin et al. 2019) . Margutti et al. (2019) disfavour this model as it is difficult to explain the origin of the high-density surrounding medium (inferred from radio observations) with a TDE on an off-center IMBH. CSS161010 is spatially consistent with the nucleus of its host, so this argument is not directly applicable here.
The dwarf host galaxy of CSS161010 is at least ∼ 10 times less massive than any other confirmed TDE host (Fig. 3) . The M ≈ 10 7 M implies that the central BH would likely be an IMBH. The BH masses and occupation fractions in dwarf galaxies are not well constrained. However, using the relations between the BH mass and host galaxy stellar mass in Marleau et al. (2013) and Reines & Volonteri (2015) , which were derived largely based on higher mass galaxies, we obtain a rough estimate for the BH mass of ∼ 10 3 M . For this BH mass, the X-ray luminosity at ∼ 100 days is ∼ 0.01 L Edd (where L Edd is the Eddington Luminosity) and the optical bolometric luminosity is 10 3 L Edd . The optical luminosity would have to be highly super-Eddington in this scenario. However, the optical luminosity estimate is highly dependent on the assumed temperature, the uncertainty on the BH mass is very large, and CSS161010 was aspherical and clearly showed an outflow. Consequently we cannot conclusively rule out that CSS161010 is a TDE based on the luminosity.
It is similarly not possible to rule out a TDE scenario based on the optical rise and decay time-scales. It is true that the optical rise and decay rate of CSS161010 was significantly faster than TDEs on super-massive black-holes, SMBHs (e.g. Hinkle et al. 2020) . In fact, the ∼ 4 day optical rise of CSS161010 (Dong et al., in prep.) was shorter than the ∼ 11 day rise of the fastest TDE discovered to date iPTF16fnl (which had a BH mass of ≤ 10 6.6 M Blagorodnova et al. 2017) and formally consistent with the classical TDE scalings t rise ∼ 1.3(M BH /10 3 M ) 1/2 days for a Sun-like star disruption. However, the circularization of the debris is unlikely to be efficient and the circularization timescales of the debris are highly uncertain for IMBHs (e.g., Chen & Shen 2018; Darbha et al. 2019 ) and we cannot directly compare the TDE timescales of SMBHs and IMBHs. The radio and X-ray luminosities of CSS161010 are comparable to those of some jetted TDEs ( Figures  1 and 2) , although CSS161010 shows a faster radio decline. The kinetic energy is also comparable to the jetted TDEs ( Figure 5 ). In TDEs that lack gamma-ray detections, the radio synchrotron emission is proposed to be from the shock between the CSM and an outflow driven by a super-Eddington accretion phase (e.g., Rees 1988; Strubbe & Quataert 2009; Zauderer et al. 2011; Alexander et al. 2016) , or the external shock from the unbound stellar material (Krolik et al. 2016) , or internal shocks in a freely expanding relativistic jet (Pasham & van Velzen 2018) . The outflows are modelled using equipartition analysis as we have done for CSS161010 in Section 3, so our results are equally applicable to TDE models and we cannot rule out a TDE based on the radio properties.
Based on the aforementioned arguments, and the fact that the dwarf host galaxy spectrum does not have clear post-starburst features, we disfavour the scenario that CSS161010 is a TDE of an IMBH but cannot conclusively exclude it. If this scenario is true though, then there are several implications. First, as CSS161010 is hydrogen rich (Dong et al. in prep.) , the disrupted star would likely not be a WD. Second, CSS161010 would be the TDE with the smallest BH mass to date. This would imply that TDEs on IMBHs can produce transients that launch relativistic outflows and show short rise times of a few days. If this is the case, then multi-wavelength observations of FBOTs could identify IMBHs and also help to determine the BH mass function and occupation fraction at low galaxy masses. Third, the volumetric rates estimates for SMBH TDEs are ∼ 200 Gpc −3 y −1 (Alexander et al. submitted) . If the population of luminous FBOTs is the population of TDEs on IMBHs, then our volumetric rate estimate for luminous FBOTs ( 300 Gpc −3 y −1 ) would imply that the rate of TDEs on IMBHs would be at most that of the TDE rate of SMBHs.
SUMMARY AND CONCLUSIONS
We present X-ray and radio observations of the luminous FBOT CSS161010 and its dwarf host galaxy. The optical properties of the transient are described in Dong et al. in prep. At the distance of ∼150 Mpc, CSS161010 is the second closest FBOT (after AT 2018cow). To date, CSS161010 is one of only two FBOTs detected at radio and X-ray wavelengths (including AT 2018cow, Rivera Sandoval et al. 2018; Margutti et al. 2019; Ho et al. 2019) and three detected at radio wavelengths (including AT 2018cow and ZTF18abvkwla, Ho et al. 2020) .
We highlight below our major observational findings:
• CSS161010 reached a radio luminosity L ν ∼ 10 29 erg s −1 Hz −1 (at ν = 6 GHz) comparable to subenergetic GRBs (i.e. significantly larger than normal SNe), with a steep after-peak temporal decline similar to that observed in AT 2018cow.
• The radio properties of CSS161010 imply the presence of a decelerating relativistic outflow with Γβc > 0.6c at t=99 days, carrying a large ejecta mass 0.01 M and kinetic energy E k >10 50 erg, and propagating into a dense environment with n ≈ 700 cm −3 at r ≈ 10 17 cm (an effective mass-loss rate ofṀ ≈ 2 × 10 −4 M y −1 for a wind velocity of 1000 km s −1 ).
• The X-ray luminosity of 3 × 10 39 erg s −1 (at 99 days) is too bright to be synchrotron emission from the same population of electrons powering the radio emission. In AT 2018cow this X-ray excess was attributed to a central engine and we speculate that this is also the case in CSS161010.
• CSS161010 resides in a small dwarf galaxy with stellar mass M * ∼10 7 M , (the smallest host galaxy to an FBOT to date). However, its specific star formation rate of sSF R = (0.2 − 1) Gyr −1 is comparable to other transient host galaxies (e.g. GRBs and SLSNe). Intriguingly, all the FBOTs with multi-wavelength detections so far have dwarf host galaxies (Prentice et al. 2018; Perley et al. 2019; Ho et al. 2020 ).
• CSS161010, AT 2018cow and ZTF18abvkwla belong to a rare population of luminous FBOTs (M R < −20 mag at peak). For this population, using PTF data, we estimate a volumetric rate <300 Gpc −3 y −1 , which is 0.25% of the core-collapse SN rate at z∼0.2. This result is consistent with the estimates by Ho et al. (2020) . We thus reach the same conclusion as Ho et al. (2020) that luminous FBOTs stem from a rare progenitor pathway.
In the context of stellar explosions, the properties of CSS161010 imply a clear deviation from spherical symmetry (as in the case of GRB jets), and hence the presence of a "central engine" (black hole or neutron star) driving a potentially collimated relativistic outflow. Differently from GRBs, CSS161010 (i) has a significantly larger mass coupled to the relativistic outflow, which is consistent with the lack of detected γ-rays; (ii) the ejecta is hydrogen-rich (Dong et al., in prep.) . For CSS161010 we cannot rule out the scenario of a stellar tidal disruption on an IMBH. However we note that this scenario would imply a highly super-Eddington accretion rate of ∼ 10 3 L edd for our (uncertain) BH mass estimate ∼ 10 3 M . Irrespective of the exact nature of CSS161010, CSS161010 establishes a new class of hydrogen-rich, relativistic transients.
We end with a final consideration. The three known FBOTs that are detected at radio wavelengths are among the most luminous and fastest-rising among FBOTs in the optical regime (Perley et al. 2019; Margutti et al. 2019; Ho et al. 2019 . Intriguingly, all the multi-wavelength FBOTs also have evidence for a compact object powering their emission (e.g., Prentice et al. 2018; Perley et al. 2019; Kuin et al. 2019; Margutti et al. 2019; Ho et al. 2019) . We consequently conclude, independently of (but consistently with) Ho et al. 2020 , that at least some luminous FBOTs must be engine-driven and cannot be accounted for by existing FBOT models that do not invoke compact objects to power their emission across the electromagnetic spectrum. Furthermore, even within this sample of three luminous FBOTs with multiwavelength observations, we see a wide diversity of properties of their fastest ejecta. While CSS161010 and ZTF18abvkwla harbored relativistic outflows, AT 2018cow is instead non-relativistic. Radio and X-ray observations are critical to understanding the physics of this intrinsically rare and diverse class of transients.
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